THE VERTEBRATE NERVOUS SYSTEM develops from a sheet of neuroepithelial cells, the neural plate, that initially form a group of multipotent proliferating progenitors. As development proceeds the neural plate folds to form the neural tube and concomitantly, a pattern of regional cell identities along the Ž . dorsal᎐ventral axis becomes apparent Figure 1 . Subsequently, distinct progenitor populations begin to generate post-mitotic neurons that acquire characteristic identities and the distinct functional properties that underlie the assembly of functional neural Ž . circuits refs 1᎐3; Figure 1 .
At caudal levels of the neural tube, cells in the . Figure 2A . This signal is mediated by the secreted Ž . glycoprotein Sonic hedgehog Shh , a homologue of Ž . the Drosophila segment polarity gene Hedgehog Hh . Shh is produced by the notochord and floor plate at the times that these two cell groups exhibit their Ž . inductive capacity refs 6᎐8; Figure 2A . Moreover, gain and loss of function experiments indicate that Shh is both necessary and sufficient to induce ventral cell types. 9 ᎐ 12 In this review, we will summarize evidence suggesting that Shh acts as a gradient morphogen to pattern the ventral neural tube. Initially, graded Shh signalling acts to establish domains of progenitor cells delineated by the expression of homeodomain transcription factors. These factors act to establish and maintain progenitor cell domains and subsequently, to regulate the expression of neuronal genes that specify the identity of post-mitotic neurons.
Sonic hedgehog can act as a gradient morphogen
How might a single factor control the identity and pattern of cell types generated in the ventral neural tube? Hedgehog protein activity has been shown to pattern a number of different tissues in both vertebrates and invertebrates. 13, 14 In some instances, such as the Drosophila wing imaginal disc, a relay mechanism appears to operate; Hh acts locally to induce expression of a downstream secreted molecule, which then acts over a longer range to pattern the tissue 15 
Ž
. Strigini and Cohen, this issue . In other cases, for example the Drosophila abdomen, Hh itself can act directly over a long range to impart positional information on responding cells. 16, 17 In the ventral neural tube, several lines of evidence, discussed below, indicate that Shh acts in a graded manner, over a long range, to induce distinct cell types at different con-Ž . centration thresholds ref 18; Figure 2B .
Shh appears able to diffuse from the notochord and floor plate and to act directly on cells some distance away. First, signals from the notochord or floor plate induce motor neurons in transfilter assays. 19 This activity is blocked by an antibody against Shh, identifying this diffusible activity as Shh. 12 Furthermore, the expression of a number of Shh-responsive genes are regulated at a significant distance from the source of Shh. 18, 20 Finally, the differentiation of motor neurons requires the continued presence of Shh well into S phase of the final cell division, suggesting a prolonged and direct requirement for Shh in responding cells. 12 Although the diffusion of Shh extracellularly seems to be limited by cholesterol and palmitoyl modifications, 21, 22 the data suggest that low levels of Shh are able to diffuse and act over a range of several cell diameters. How a gradient of Shh signalling is established is currently not clear. Recently, however, a gene, tout velu, has been identified which appears to facilitate the diffusion of Hh in Drosophila, 23 possibly by regulating the interaction of Hh with extracellular matrix components.
The operation of a Shh activity gradient is suggested by the induction of ventral cell types in explants of naıve neural plate tissue exposed to recombinant Shh protein. In these studies, different cell types are generated in response to defined concentrations of Shh. 18 The cell types generated in response to a particular concentration of Shh correspond to the dorsal᎐ventral position at which these Ž . cells are generated in vivo ref 18; Figure 2B . Thus, cell types that arise at a greater distance from the source of Shh in vivo are induced in vitro by lower concentrations of Shh than are cell types that differentiate closer to the source of Shh. Moreover, approximately twofold differences in the concentration of Shh are sufficient to elicit a switch between the cell types that are generated. Together, these results support a model in which Shh secreted by the notochord and floor plate diffuses into the adjacent neural epithelium and acts directly on responding cells, inducing different neuronal subtypes at different concentration thresholds.
Transduction of the Shh signal
How is the extracellular concentration of 
Ž
. and protein kinase A pka that are involved in Hh signalling. 24 Ptc and Smo are transmembrane proteins that form a complex on the cell surface, with Ptc functioning to inhibit Smo activity. 25 Ptc functions as a Hh receptor subunit and ligand binding releases Smo from the effects of Ptc inhibition, permitting a signal to be transduced intracellularly. 25 ᎐ 27 Inside the cell, Hh signalling appears to converge on the zinc finger transcription factor Ci. 24, 28 In the presence of Hh, Ci is stabilized and activated and induces target gene expression. 24, 28 In vertebrates, homologues of Ptc, Smo, Ci and PKA have also been implicated in transducing Shh signals. 24, 29 Of particular relevance, three vertebrate proteins, Gli, Gli-2 and Gli-3, which have homology to Ci, have been identified. Mice with a targeted deletion of Gli-2 fail to develop a floor plate. 30, 31 Moreover, binding sites for Gli proteins have been identified in the enhancer of a gene required for floor plate specification, HNF3␤ and these are sufficient to direct expression of a reporter to the floor plate. 32 These data provide evidence for a role of Gli proteins in transducing a Shh signal. However, there is no data yet to indicate whether Shh directly regulates Gli protein activity.
The simplest model to account for the graded activity of Shh would be the activation of different levels of Gli protein activity in response to specific concentrations of Shh. Genes that respond to distinct levels of Shh signalling would contain enhancers responsive to different levels of Gli activity. In Drosophila embryos, such a model appears to account, at least in part, for the expression of genes in response to the gradient morphogen Bicoid. 33 Nevertheless, although the floor plate is absent in mice containing mutations in both Gli and Gli-2, most ventral neuronal types including somatic motor neurons and interneurons are generated. 31 It is unlikely that Gli-3 substitutes for Gli and Gli-2, as Gli-3 is not expressed in the ventral neural tube. 31 Moreover, Gli-3 has been postulated to act as a repressor of Shh signalling. 29 It remains possible that there are additional Gli proteins in vertebrates. Alternatively, Gli proteins might not mediate all responses to Shh, in which case additional signalling pathways may be involved in Shh signal transduction. Consistent with this, it appears that transcription factors other than Ci are involved in transducing Hh signals in Drosophila. 34 In vertebrates, Krishnan et al. have suggested that Shh signalling activates a novel transcription factor via a protein phosphatase. 35 Additionally, cholesterol analogues, such as cyclopamine and jervine inhibit Shh signal transduction, implicating a role for cholesterol in Shh transduction, 36, 37 this involvement could be in the activation of Gli proteins or other transcription factors. Together, these data raise the possibility that Shh signalling activates transcription factors other than, or in addition to Gli proteins, and that the graded response to Shh is mediated by a combination of intracellular signal transduction pathways.
Interpreting graded Shh signalling
How does graded Shh signalling control the identity and pattern of cell types generated in the ventral neural tube? In the following sections, we discuss evidence that suggests a model that outlines how graded Shh signalling might initiate the process that establishes the eventual pattern and identity of neurons in the ventral neural tube. The model can be Ž . divided into three steps Figure 4 . First, graded Shh signalling initiates neuronal patterning by establish- ing the restricted expression of a number of homeodomain proteins that define distinct dorsal᎐ventral domains of progenitor cells. Second, interactions between homeodomain proteins in neighboring domains act to refine and maintain the integrity of progenitor cell domains. Finally, as cells leave the cell cycle and differentiate, homeodomain proteins expressed in progenitor cells direct the activation of neuronal identity determining genes to the appropriate dorsal᎐ventral regions of the neural tube.
Progenitor cell domains
At the time that neuronal differentiation is initiated, the ventral neural tube can be divided into at least four neuronal progenitor cell domains that each gives Ž . rise to distinct classes of neurons Figure 2B ,C . These progenitor cell domains can be defined, either alone or in combination, by the expression a number of homeodomain proteins. The expression of these transcription factors is regulated by graded Shh signalling; we have divided these genes into two groups based on their regulation by Shh. First, there is a set of genes that are repressed by Shh, we term these Class I genes. Genes within this class include homeodomain proteins of the Pax-, Msx-and Dbx-families Ž . Figure 4 . The second group, termed Class II genes, are dependent on Shh signalling for their expression and include members of the Nkx-family of transcription factors. Although the expression of these two classes of genes is dependent on Shh signalling it remains possibly that the transcriptional control of Ž some of the genes within these groups is indirect see . below .
Establishing progenitor cell domains: regulation of class I genes
Initially, most or all cells within the caudal neural plate express the homeodomain proteins Pax3, Pax7, Msx1 and Msx2. The expression of these genes is then rapidly repressed, restricting their expression to Ž . 
Establishing progenitor cell domains: regulation of class II genes
The induction of Class II genes, comprising members of the Nkx-family, is dependent on Shh signalling. However, this dependence appears to be, at least in part, indirect and requires the repression of Class I genes. For example, Nkx2.2 is expressed by progenitors adjacent to the floor plate and abutting the Figure 3C although the level of Shh signalling is unchanged. This indicates that the expression of Nkx2.2 is regulated indirectly by the Shh mediated repression of Pax6. 39 The expression of Nkx6.1 and Dbx2 display a simi-Ž . lar mutually exclusive relationship Figure 2C . Nkx6.1 is induced by Shh signalling 42 and the expression domain appears to extend up to the ventral Ž . boundary of Dbx2 expression refs 40,42; Figure 2C . Therefore, unlike Nkx2.2, Nkx6.1 is not sensitive to repression by Pax6. Rather it is possible that Dbx2, or another gene expressed in this domain, controls the dorsal limit of Nkx6.1 expression. These observations raise the possibility that the expression domain of Ž . Shh-dependent genes Class II genes is largely controlled by transcription factors that are repressed Ž . Class I genes at different concentration thresholds of Shh.
Whether the expression of Shh-induced genes, such as Nkx2.2 or Nkx6.1 requires direct Shh signalling is not clear. The expression of Nkx2.2 in Pax6 mutant mice is not de-repressed in all cells that normally express Pax6. 39 The dorsal limit of Nkx2.2 expression, therefore, may reflect the position at which another Nkx2.2 repressing gene is expressed or the position at which Shh activity falls below a threshold necessary to activate Nkx2.2 transcription. In the simplest case, the expression of Nkx2.2 and Nkx6.1 genes could be de-repressed following the Shh mediated repression of Pax6 and Dbx2, respectively. Derepression mechanisms have been implicated in other tissues patterned by morphogen gradients. For example, during anterior᎐posterior patterning of the Drosophila embryo the expression of certain Gap genes is controlled by ubiquitous activators while spatial control is achieved by repression mediated by other Gap genes. 43 Similarly, the activation of presumed dpp target genes in anterior᎐posterior patterning of Drosophila wings appears to be indirect and achieved through the Dpp mediated repression of the putative transcriptional repressor, brinker.
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Refining and maintaining progenitor cell domains
Following the initial Shh mediated establishment of distinct progenitor cell domains, interactions between Class I and Class II genes expressed by the different domains seem to act to refine and maintain the Ž . integrity of these domains Figure 3 . Recent data suggest that the mutually exclusive relationship between Pax6 and Nkx2.2 is maintained by reciprocal repressive interactions between the two genes. The ectopic expression of Nkx2.2 in the chick neural tube results in the repression of Pax6. In contrast, Pax7, which is expressed in a domain that never abuts the Nkx2.2 domain, is not affected by Nkx2.2 expression. 45 These data suggest that a specific mutually repressive feedback loop is established between Pax6 and Nkx2.2. Pax6 expression does not expand ventrally in Nkx.2.2 mutant mice. 50 However, Nkx2.9, a gene related to Nkx2.2, is expressed transiently in the same domain raising the possibility of redundancy between these two genes. 50 The strikingly sharp boundaries of gene expression delimiting other ventral progenitor domains raise the possibility that similar repressive feedback loops might operate between genes expressed in these abutting progenitor domains. Such a mechanism could be important for refining boundaries between progenitor cell domains and could contribute to the production of discrete patterns of gene expression from an initially crude gradient of extracellular ligand. Furthermore, during development, there is considerable growth of the ventral neuroepithelium and it is difficult to envision how graded Shh signalling, alone, could account for the maintenance of these domains. Repressive feedback loops, therefore, could function to maintain the integrity of progenitor cell domains throughout the development of the CNS. Such a mechanism would remove the requirement for prolonged graded Shh signalling. This does not exclude, however, a role for Shh at late stages of neural patterning. It is possible that a mitogenic activity of Shh 46 at these later stages acts to expand the earlier established progenitor cell domains.
The principles of this model are reminiscent of the establishment of anterior᎐posterior polarity within the Drosophila embryo. 43, 47 The graded distribution of two transcription factors, Bicoid and Caudal, initiates the regionally restricted expression of Gap genes. The syncytial organization of the early Drosophila embryo removes the requirement for a secreted extracellular morphogen. Cross-regulation between Gap genes, then, acts to establish and maintain sharp boundaries of gene expression resulting in defined domains of Gap gene expression. The similarity of regulation and function of Gap genes and progenitor cell domain genes raises the possibility that this mechanism represents a general strategy used by tissues in response to morphogen gradients to generate discrete domains of gene expression.
Specification of neuronal subtype identity
Different ventral progenitor cell domains generate Ž . neurons with distinct identities Figure 3A ,B . Most dorsally in the ventral neural tube, V1 interneurons are derived from progenitor cells ventral to the Pax7 boundary that express Pax6 and Dbx2. 39, 48 V2 interneurons are generated from progenitor cells expressing Nkx6.1 and high Pax6 levels, 39,49 whereas Ž . somatic motor neurons sMN are derived from progenitors that express Nkx6.1 and low levels of Pax6. 39, 49 The ventral most neuronal progenitor domain, defined by Nkx2.2 and Nkx6.1 expression, generates V3 interneurons in the spinal cord and Ž . visceral motor neurons vMNs in the anterior cervical spinal cord and hindbrain. 50 Transcription factors that define distinct progenitor cell populations are generally down-regulated in cells as they leave the cell cycle to differentiate into neurons. 51 This observation raises the question of how genes expressed in progenitor cell domains impart subtype identity to differentiating neurons.
Studies of sMN induction have indicated that sMN progenitor cells depend upon the ambient Shh concentration up to the final cell division. 12 This transition from a Shh-dependent to a Shh-independent state correlates with the induction of the homeodomain protein MNR2 during the final cell cycle of sMN progenitors. 49 MNR2 is sufficient to induce MN differentiation independent of position and developmental history of cells when ectopically expressed in the chick spinal cord. 49 The expression of two closely Ž . related LIM-homeodomain proteins, Lim3 Lhx3 and Ž . Gsh4 Lhx4 are also initiated during the final cell division of sMNs and V2 interneurons. 52 Ectopic expression of Lim3 induces V2 interneurons in chick spinal cord but is not sufficient to induce MNs. 49 However, Lim3 and Gsh4 are involved in sMN differentiation: Lim3 together with Is11, an additional transcription factor expressed by sMNs, can induce the expression of certain genes characteristic of sMNs. 49 Moreover, in mice lacking Lim3 and Gsh4 function, sMNs appear to acquire an identity charac-Ž . teristic of visceral MNs spinal accessory MNs that are normally generated from Nkx2.2 progenitor cells rather than Pax6 progenitors. 39, 52 Together, these results suggest that transcription factors, such as MNR2 and Lim3 comprise a group of neuronal identity factors that determine the identity of post-mitotic Ž . neurons Figure 3B , Figure 4 .
Since neuronal identity genes can specify cell fate independent of dorsal᎐ventral position and Shh concentration, a major role for the patterning genes expressed in progenitor cells must be to direct the activation of neuronal identity genes to the appropriate dorsal᎐ventral region of the neural tube. Recent data supports this idea. In Pax6 mutant mice, there is a dorsal-to-ventral switch in neuronal subtype identity that results in a dorsal expansion and increased numbers of V3 interneurons in the spinal cord and vMNs Ž . in the hindbrain refs 39,53; Figure 3C . At both levels of the neuraxis, this increase occurs at the expense of sMNs. Several lines of evidence suggest that expansion of Nkx2.2 expression is responsible for the switch in cell fate in Pax6 mutant mice. First, at caudal spinal cord levels of Pax6 mutant mice where the expansion of Nkx2.2 is not as pronounced, sMNs are generated albeit in reduced numbers. 39, 53 Second, in the spinal cord of mice lacking Nkx2.2, although the expression of Pax6 is unchanged, there is a reciprocal ventral-to-dorsal cell fate switch resulting in the generation of sMNs adjacent to the floor plate at the expense of V3 interneurons. 50 Thus, Pax6 is not directly required for the generation of sMNs. Finally, the ectopic expression of Nkx2.2 in chick spinal cord indicates that Nkx2.2 is sufficient to repress sMN generation and induce the expression of Sim1, a marker of V3 interneurons. 45 Therefore, within the ventral spinal cord, Nkx2.2 appears to be critical for the interpretation of the Shh gradient and governs the choice between V3 interneuron and sMN generation. The loss of Nkx2.2 results in the generation of neuronal progeny characteristic of exposure to lower levels of Shh signalling whereas the ectopic expression of Nkx2.2 results in the generation of V3 interneurons independent of Shh signalling. Nkx2.2 appears therefore to control the expression of neuronal identity genes, such as MNR2 and Lim3. Indeed, Nkx2.2 is sufficient to repress MNR2 and Lim3 in the chick spinal cord 45 and Lim3 expands ventrally in mice lacking Nkx2.2 activity. 50 Since Pax6 is not directly required for sMN differentiation, the data raise the question of which genes activate MNR2 and Lim3 to promote sMN generation. The expression domain of Nkx6.1 coincides with the positions at which V2 interneurons and Ž . sMNs are generated Figure 2C , Figure 3 . It is possible, therefore, that Nkx6.1 is involved in the induction of one or both of these neuronal subtypes. If this Ž . is the case, an additional gene s is required to distinguish sMNs and V2 interneurons to account for the selective activation of MNR2 in sMNs. Genes that control the fate of other neuronal subtypes remain largely unknown. However, Pax6, Pax3 and Pax7 appear to be involved in the control of V1 interneuron differentiation. V1 interneurons are generated from Pax6 q rDbx2 q progenitors ventral to the Pax7rPax3 boundary but not from Pax6 q rDbx2 q progenitors that reside within the Pax3rPax7 domain. 39, 40, 54 In Pax6 null mice, V1 interneurons are missing indicating a requirement for Pax6 in generating these neurons. 39, 54 In contrast, in mice lacking both Pax3 and Pax7, the domain of V1 interneuron generation expands dorsally and appears to occupy Ž the entire Dbx2 expression domain ref 55; Figure  .  3D . Therefore, it is likely that Pax6 and Dbx2 act to induce neuronal identity genes necessary for V1 generation whereas Pax3 and Pax7 repress this activity, Together the data discussed above, although fragmentary, begin to reveal a genetic network that controls neuronal cell fate decisions in the ventral neural tube. The control of neuronal subtype identity appears to be regulated by a relatively small number of neuronal identity genes. The expression of these genes is directed to the appropriate dorsal᎐ventral regions by the combined positive and negative activities of transcription factors expressed in progenitor Ž . cells Figure 4 . Since neuronal identity genes are activated only during the final cell division of neurons, their activation must be coordinated with a general neurogenic program. 2 In conclusion, in addition to defining progenitor cell domains, the genes expressed by progenitor cells appear to regulate neuronal identity genes that subsequently specify the identity of MNs and interneurons generated in the ventral neural tube.
Neuronal diversity in the ventral neural tube
In this review we have focused on how graded Shh signalling might act to establish the pattern of neuronal subtypes generated in the ventral neural tube. The data begin to provide an explanation for how small differences in the concentration of an extracellular ligand can be translated into distinct patterns of gene expression. The observations suggest a relatively simple and possibly general principle for neuronal Ž . patterning Figure 4 . Graded Shh initiates the regionally restricted expression of patterning genes in mitotic progenitors. Subsequently, these patterning genes act to refine and maintain the integrity of progenitor cell domains during development. During the period of neurogenesis, the activities of patterning genes function to direct the expression of neuronal identity genes which then function to specify neuronal identity and confer a program of differentiation resulting in the acquisition of distinct functional properties by post-mitotic neurons.
In addition to the role of Shh, it appears that several other mechanisms operate to influence cell fate decisions in the ventral neural tube. Studies of sMN and oligodendrocyte differentiation indicate that these cell types are generated from the same progenitor domain, but at different stages of neural tube development. 56 Similar to models proposed for cortical development, it is likely that this temporal switch in cell type identity reflects changes in the local microenvironment, over time. Moreover, it is possible that distinct subtypes of neurons are generated simultaneously from the same progenitor domain, suggesting that additional mechanisms act within individual progenitor domains to generate neuronal diversity. 54 In addition, the identity of ventral neurons is influ-enced by signals that impart positional character along the anterior᎐posterior axis. This enables the corresponding dorsal᎐ventral domain at different anterior᎐posterior positions to generate neurons with distinct functional properties. Such a form of positional organization is particularly apparent in the control of MN subtype identity in the spinal cord and hindbrain and appears to be controlled by signals from the paraxial mesoderm regulating Hox gene expression. 57, 58 Furthermore, neuronal fate can also be influenced after the cells have left the cell cycle, for example, by local environmental signals and signals from neuronal targets. 59, 60 Therefore, although graded Shh signalling plays a pivotal role in ventral neuronal patterning, it appears that additional mechanisms operate to achieve the neuronal diversity necessary for the organization and function of the mature nervous system.
